Obesity is a major health problem in industrialized societies, and is related to the development of type 2 diabetes mellitus, hypertension, and hyperlipidemia. Obesity is thought to occur as a result of hypertrophy of individual adipocytes and hyperplasia of adipocytes.
Therefore, an understanding of the molecular basis of hyperplasia would contribute to the establishment of medical treatments to prevent the health risks associated with obesity. One explanation for the increase in the number of adipocytes is that preadipocytes in adipose tissue differentiate into mature adipocytes. Therefore, it is important to study the molecular mechanism of adipocyte differentiation.
To elucidate the molecular basis of adipocyte differentiation, we previously isolated 102 genes induced to express in the early stages of adipogenesis by a polymerase chain reaction (PCR)-subtraction cloning method. 2, 3) We identified TC10-like/TC10bLong (TCL/TC10bL), regulators of G protein signaling 2 (RGS2), factor for adipocyte differentiation (fad) 104, and fad158. TCL/TC10bL is a member of the Rho family of small guanosine triphosphatases (GTPases) and RGS2 belongs to a subfamily of small mammalian RGS proteins containing an RGS domain. fad104 and fad158 were identified as novel genes. We previously generated stable transformants expressing antisense-TCL/TC10bL and fad158, and described that inhibition of the expression of TCL/TC10bL and fad158 impaired adipogenesis. 4, 5) Moreover, using an RNAi method, we found that the knockdown of fad104 expression reduced the ability of 3T3-L1 cells to differentiate. 6) In addition, RGS2-expressing NIH-3T3 cells converted to adipocytes. 7) These results strongly indicate that TCL/TC10bL, RGS2, fad104, and fad158 have important roles in adipogenesis. However, their functions in the early phase of adipocyte differentiation have not been addressed.
After hormonal induction, growth-arrested 3T3-L1 preadipocytes reenter the cell cycle and undergo several rounds of cell division, referred to as mitotic clonal expansion (MCE). MCE is required for completion of the differentiation program. 8) This step is followed by the terminal differentiated phase in which specific genes defining the adipocyte phenotype are induced to express. [9] [10] [11] CCAAT/enhancer-binding protein (C/EBP) b and C/EBPd play critical roles in the 3T3-L1 adipocyte differentiation program. Both genes are expressed immediately after hormonal induction, then function as transcriptional activators of the C/EBPa and peroxisome proliferator-activated receptor g (PPARg) genes, both of which serve as pleiotropic transcriptional activators for a large group of adipocyte genes, and induce the terminally differentiated phenotype. 12, 13) Recent studies have established that C/EBPb is required for MCE during adipocyte differentiation. 14, 15) In addition, we found that C/EBPd is also required for MCE. 16) However, the molecular mechanism of MCE is not fully understood.
In this paper, we focused on the roles of TCL/TC10bL, RGS2, fad104, and fad158 during MCE. Since it is necessary to achieve a unified repression of TCL/TC10bL, RGS2, fad104, and fad158 expression during adipogenesis, we performed RNAi experiments for the knockdown of these four genes. The suppression of TCL/TC10bL, RGS2, and fad104 expression using RNAi impaired MCE. On the other hand, that of fad158 expression had no effect. In addition, suppression of TCL/TC10bL expression repressed the incorporation of bromodeoxy uridine (BrdU) during MCE. Furthermore, we tested the effect of knocking down of TCL/TC10bL expression on C/EBPb and C/EBPd mRNA levels during MCE and found that TCL/TC10bL was involved in the control of C/EBPb and C/EBPd expression. These results indicate that TCL/TC10bL may promote MCE by regulating the expression of C/EBPb and C/EBPd.
MATERIALS AND METHODS
Cell Culture and Differentiation Mouse 3T3-L1 preadipocyte cells were grown to confluence in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum. Two-day postconfluent cells (day 0) were induced to differentiate with DMEM containing 10% fetal bovine serum (FBS), 1 mM dexamethasone, 10 mg/ml insulin, and 0.5 mM 3-isobutyl-1-methylxanthine for 2 d. Cells then were fed DMEM supplemented with 10% FBS and 5 mg/ml insulin every other day.
Oil Red O Staining and Triacylglycerol (TG) Contents At 8 d after induction, 3T3-L1 cells were fixed in 4% paraformaldehyde and incubated in Oil red O solution (0.05 g of Oil red O, 6 ml of isopropanol and 4 ml of water). Amounts of TG were measured using LIPIDOS LIQUID (Ono) according to the manufacturer's instructions.
RNAi Experiments Mouse TCL/TC10bL, RGS2, and fad158 shRNAs were designed using the QIAGEN siRNA online design tool (http://sirna.qiagen.com/). The regions spanning base pairs (bp) 199-219 of TCL/TC10bL, 100-120 of RGS2, and 1180-1200 of fad158 were selected. A 19-nucleotide short-hairpin RNA (shRNA)-coding fragment with a 5Ј-TTCAAGAGA-3Ј loop was subcloned into the ApaI/EcoRI site of the plasmid pSilencer 1.0-U6 (Ambion, Inc. Austin, TX, U.S.A.). The generation of the shRNA expression plasmid for fad104 was described previously. 6 ) As a negative control, the scrambled fragment 5Ј-GTAAGAT-GAGGCAATGGAG-3Ј with no similarity to any mRNA listed in GenBank was generated.
3T3-L1 preadipocytes were transfected with 9 mg of the shRNA expression plasmid using Nucleofector kit V (Amaxa, Cologne, Germany). The cells were then plated on 12-well plates. At 2 d postconfluence, the transfected cells were induced to differentiate into adipocytes using the inducers described above.
Cell Counting 3T3-L1 cells were trypsinized in 12-well plates at various time points and collected by centrifugation. Cell numbers were measured by hemocytometer.
BrdU Labeling and Immunofluorescence Analyses For BrdU labeling and immunofluorescence microscopy, 3T3-L1 cells were plated on coverslips and treated with differentiation cocktails. After 20 h or 3 d, the cells were labeled for 2 h with 30 mg/ml BrdU (BD Biosciences). Coverslips were fixed in 70% ethanol for 30 min and incubated in 100% methanol for 10 min at room temperature. The fixed cells on coverslips were then treated for 30 min with 1.5 M HCl, blocked with 0.5% Tween 20 in phosphate buffered saline (PBS) for 5 min, incubated with fluorescein isothiocyanate (FITC)-anti-BrdU monoclonal antibody (BD Biosciences) for 30 min at room temperature, and incubated with 7-aminoactinomycin D (7AAD) (BD Biosciences) for 5 min at room temperature. At each step described above, the cells were washed with PBS three times after treatment. These cells were visualized by fluorescence microscopy.
Quantitative Real Time Polymerase Chain Reaction (PCR) (Q-PCR) Total RNA was extracted with TRIzol (Gibco-BRL Life Technologies, Inc., Grand Island, NY, U.S.A.) according to the manufacturer's instructions. The total RNA was converted to cDNA using a random primer and ReverTra Ace (Toyobo, Osaka, Japan), and the cDNA was used as a template for Q-PCR. An ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA, U.S.A.) was used to perform the Q-PCR. The pre-designed primers and probe sets for C/EBPb, C/EBPd, and 18S rRNA were obtained from Applied Biosystems. The reaction mixture was prepared using a TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. The mixture was incubated at 50°C for 2 min and at 95°C for 10 min, and then the PCR was performed at 95°C for 15 s and at 60°C for 1 min for 40 cycles. Relative standard curves were generated in each experiment to calculate the input amounts of unknown samples.
RESULTS
Knockdown of TCL/TC10b bL, RGS2, fad104, and fad158 Expression Using RNAi To investigate the roles of TCL/TC10bL, RGS2, fad104, and fad158 during adipocyte differentiation, we constructed shRNA expression plasmids for TCL/TC10bL, RGS2, and fad158, targeting the ORF of each gene. These three plasmids and the shRNA expression plasmid for fad104 generated previously 6) were introduced into 3T3-L1 cells. After adipocyte differentiation was induced, the expression levels of TCL/TC10bL, RGS2, fad104, and fad158 were determined by Q-PCR. The levels of these four genes were reduced approximately 50% compared with control values (Fig. 1) .
Impairment of Adipocyte Differentiation by Silencing of TCL/TC10b bL, RGS2, fad104, and fad158 Using RNAi To assess the effect of RNAi-treatment for TCL/TC10bL, RGS2, fad104, and fad158 on the differentiation of 3T3-L1 preadipocytes, the shRNA expression plasmid for each gene was introduced into 3T3-L1 cells. Two-day postconfluent preadipocytes were stimulated with adipogenic inducers. Eight days later, the cells were fixed and stained with Oil red O (Fig. 2, left panels) and amounts of TG were determined (Fig. 2, right panels) . The fad104 RNAi-treatment blocked the accumulation of oil droplets and TG as previously reported. 6) Furthermore, the accumulation of oil droplets and TG in the cells transfected with the shRNA expression plasmids for TCL/TC10bL, RGS2, and fad158 were also decreased compared with control levels. These results suggest that knockdown of the expression of TCL/TC10bL, RGS2, fad104, and fad158 inhibited adipocyte differentiation.
Effects of TCL/TC10b bL, RGS2, fad104, and fad158 on MCE Since TCL/TC10bL, RGS2, fad104, and fad158 were expressed transiently within 12 h of the induction of adipocyte differentiation, we focused on MCE, which is observed at the early stage of adipogenesis and is required for adipocyte differentiation. The 3T3-L1 preadipocytes treated with shRNAs for the four genes were induced to differentiate, and MCE was assessed by cell counting using a hemocytometer at different time points (Fig. 3) . Preadipocytes treated with control plasmid underwent an almost 3-fold increase in number by day 4. The numbers of preadipocytes treated with the shRNA for TCL/TC10bL were significantly decreased compared with those of control cells at days 3 and 4. The numbers of cells transfected with the shRNA for RGS2 and fad104 were also reduced at day 4. In contrast, the numbers of fad158-knockdown cells did not differ from control levels. These results suggested that the knockdown of TCL/TC10bL, RGS2, and fad104 expression impaired MCE.
Impairment of the Incorporation of BrdU during MCE by the Knockdown of TCL/TC10b bL Expression As 406
Vol. 33, No. 3 shown in Fig. 3A , TCL/TC10bL had a marked effect on MCE. Therefore, we next examined the influence of TCL/TC10bL on DNA synthesis during MCE. DNA synthesis was evaluated using BrdU labeling to verify whether it was blocked by the knockdown of TCL/TC10bL expression. Twenty hours or 3 d after the induction of differentiation, TCL/TC10bL-knockdown cells and control cells were pulselabeled for 2 h with BrdU, and immunostained with the antiBrdU antibody. The fluorescence of BrdU was detected with a fluorescence microscope and measured. At 20 h post-induction, less BrdU was incorporated into TCL/TC10bL-knockdown cells than control cells (Figs. 4A, B) . DNA synthesis was also blocked by the knockdown of TCL/TC10bL expression at 3 d post-induction (Figs. 4C, D) . These results suggest that the knockdown of TCL/TC10bL expression inhibited cell proliferation during MCE.
Inhibition of C/EBPb b and C/EBPd d mRNA Expression by the Knockdown of TCL/TC10b bL Expression C/EBPb and C/EBPd are expressed in the first few hours following the induction of differentiation and are required for MCE. [12] [13] [14] [15] [16] As shown in Figs. 3 and 4 , TCL/TC10bL also has a crucial role in the regulation of MCE. Therefore, suspecting TCL/TC10bL to play a role in the regulation of C/EBPb and C/EBPd expression during MCE, we transfected 3T3-L1 cells with the control plasmid or shRNA for TCL/TC10bL, and investigated the effect on C/EBPb and C/EBPd expression by Q-PCR. C/EBPb expression increased, reaching a peak at 2 h in control cells. In the TCL/TC10bL-knockdown cells, however, it decreased at between 2 and 12 h (Fig. 5A) . C/EBPd expression increased for 2 h and then decreased in the control cells. In the TCL/TC10bL knockdown cells, it was reduced at each time point compared with the control (Fig. 5B) . These results suggested that TCL/TC10bL was required for the control of C/EBPb and C/EBPd expression during MCE.
DISCUSSION
To elucidate the molecular mechanisms of adipocyte differentiation, we previously isolated 102 genes expressed in the early stages of adipogenesis using a PCR-subtraction cloning method and identified TCL/TC10bL, RGS2, fad104, and fad158. 2, 3) Furthermore, we demonstrated that all four genes have important roles in adipocyte differentiation.
4-7)
However, their precise functions were unclear.
In the present study, using RNAi, we first examined the effect of knockdown of TCL/TC10bL, RGS2, fad104, and fad158 on MCE. The knockdown of TCL/TC10bL, RGS2, and fad104 expression impaired MCE, but that of fad158 expression had no effect (Fig. 3) . These results suggested that TCL/TC10bL, RGS2, and fad104 regulate adipocyte differentiation through MCE. On the other hand, fad158 seems to regulate adipogenesis not through MCE. Using BrdU labeling, we next examined the effect of TCL/TC10bL, which had a clear effect on MCE, on DNA synthesis. Less BrdU was incorporated into TCL/TC10bL-knockdown cells than the control cells during MCE (Fig. 4) . These results indicated that the knockdown of TCL/TC10bL expression inhibited cell proliferation during MCE.
TCL/TC10bL belongs to the Rho family of small GTPases along with Rho, Rac, Cdc42, and TC10. Rho, Rac, and Cdc42 were found to stimulate cell cycle progression through G 1 and subsequent DNA synthesis. [18] [19] [20] Moreover, Murphy et al. reported that activated TC10 stimulated transcription from a cyclin D1 promoter and regulated the cell cycle. 21) Since TCL/TC10bL is closely related to TC10, 17) it too may play an essential role in G 1 progression.
Furthermore, we found that the knockdown of TCL/ TC10bL expression prevented C/EBPb and C/EBPd expression during MCE (Fig. 5) . Zhang et al. reported that A-C/EBP, which forms stable inactive heterodimers with C/EBPb, blocked the down-regulation of p27/Kip1 expression and impaired MCE. 15) In addition to showing the potential role of TCL/TC10bL regulating MCE via cyclin D1, this report provided evidence that TCL/TC10bL is an important factor for MCE through the control of p27/Kip1's degradation. Since the molecular basis by which C/EBPd regulates MCE is not fully understood, further analysis of how TCL/TC10bL regulates C/EBPb and C/EBPd expression is required.
FAD104 is a novel protein containing 9 repeats of the fibronectin type III domain and a transmembrane domain. 6) We recently prepared mouse embryonic fibroblasts (MEFs) from fad104-deficient mice, and found that disruption of fad104 inhibited cell proliferation. 23) RGS2 is a member of a subfamily of small mammalian RGS protein and contains a short N-terminal extension to the RGS box. RGS2 was originally identified as the gene G0S8, a member of a set of putative G 0 /G 1 switch regulatory genes. 24) From these reports, it remains possible that RGS2 and fad104 are important for MCE. Further analysis of the regulation of MCE by RGS2 and fad104 is definitely needed.
As shown in Fig. 3 , fad158 had no influence on MCE. We previously demonstrated that FAD158 localized to the endoplasmic reticulum (ER) through its four N-terminal transmembrane regions. 5) Alteration of the actin cytoskeleton is necessary for early adipocyte differentiation. 25) In addition, Dadke and Chernoff reported that protein-tyrosine phosphatase 1B (PTPIB) localized to the ER, and activated Src, thereby initiating the activation of a Rac-dependent pathway leading to cytoskeletal remodeling. 26) Although more study will be required to reveal the relationship between fad158 and the actin cytoskeleton, it is possible that fad158 plays important roles in the control of actin cytoskeletal changes during adipocyte differentiation.
In conclusion, TCL/TC10bL, RGS2, and fad104, previously identified in the early phase of adipogenesis, have important roles in MCE. Moreover, TCL/TC10bL facilitates cell proliferation. In addition, it is essential for the regulation of C/EBPb and C/EBPd expression during MCE. Our findings indicate that TCL/TC10bL contributes to MCE through the regulation of C/EBPb and C/EBPd expression. Further analysis of TCL/TC10bL during MCE should help us to understand the molecular mechanisms at work in the early stages of adipocyte differentiation. 
